We show error-free 10 GBd QPSK data transmission performance using orbital angular momentum (OAM) 
Introduction
Space-division multiplexing (SDM) has recently generated significant interest because, like polarization-division multiplexing and wavelength-division multiplexing, it may be used to increase the photon efficiency or spectral efficiency of free-space and fiber-optic links. Although there are many approaches to SDM we focus on using optical orbital angular momentum (OAM) modes 1 (e.g., beams with azimuthally varying optical phase) to provide orthogonal information channels. The inherent orthogonality of OAM modes is attractive since it may require less digital signal processing (e.g., MIMO) when compared to other SDM approaches that have significant coupling between channels. Recent work 2 has shown the potential of OAM to improve spectral efficiency and throughput, but practical applications require integrated devices that multiplex/demultiplex OAM modes onto/from multi-mode fibers or free-space and also interface with single-mode fiber (SMF) components (e.g., modulators, optical amplifiers, and receivers). Our group and others 3, 4 have previously demonstrated an integrated OAM multiplexing device implemented as a silicon photonic integrated circuit (PIC). The silicon PIC generated OAM beams with a single polarization from a waveguide grating structure. Recently, we described an integratable OAM multiplexer based on hybrid integration of a silica planar lightwave circuit (PLC) with a silica 3-D PIC. Our initial device characterization was presented in a previous paper 5 which showed that it supports up to 15 OAM modes, both TE and TM polarizations, and had relatively low optical loss at 1.55 µm. Here, we demonstrate the performance of the silica device as a both an OAM mode multiplexer and demultiplexer in a free-space coherent transmission link. Fig. 1 shows the integratable OAM multiplexing device's operating principle which relies on converting linearly varying spatial phase to azimuthal variations [i.e., exp(ibℓx) → exp(iℓφ), where b is the linear (x) to azimuthal (φ) scaling factor]. To illustrate, Fig. 1 shows a waveguide circuit where each single mode input (i.e., ℓ = −2, −1, 0, +1, +2) will create a wavefront in the free-propagation region (FPR) with a different linear tilt. The phase-matched waveguides after the FPR sample the tilted phase front and maintain the phase tilt to the output apertures. Since the apertures are arranged in a circular pattern, they create a beam (coming out of the page) with azimuthally varying phase having topological charge ℓ. If multiple inputs are illuminated, those inputs are multiplexed onto colinear OAM beams with ℓ-numbers determined by the input position. By reciprocity, if an outside OAM beam illuminates the apertures, the sampled light will be focused in the FPR to a waveguide corresponding to the beam's ℓ-number (i.e, an OAM demultiplexer). 
Device Concept

Device Implementation
Direct laser writing of waveguides in dielectric material is an extremely powerful fabrication technique 6 . It utilizes the multi-photon nonlinear 
Phase φ absorption of sub-bandgap photons to create permanent structural changes (e.g., refractive index) in a material with dimensions comparable to the writing laser's wavelength (e.g., ~1 µm 3 ). The induced modifications from a subpicosecond train of optical pulses are strongly localized in three dimensions to the high intensity region at the focus of a lens driven by a nonlinear absorption mechanism. This unique characteristic is what provides direct laser writing its biggest advantage over other waveguide fabrication techniques; the capability to freely form true 3-D structures. We take advantage of the 3-D capability to create the geometric transformation needed to convert linear phase tilt to azimuthal phase variation. Fig. 2(a) shows how this concept is implemented using a silica PLC (to convert input position to a linear phase tilt) who's output is coupled to a 3-D PIC for geometric transformation.
Using our design, the 3-D PIC was fabricated at a commercial foundry in bulk fused silica and the waveguides had a ~10 µm mode field diameter (i.e., similar to SMF). Fig. 2(b) presents a close view of the 3-D PIC output face showing the circular arrangement. Fig. 2(c) shows a photo of the fabricated PLC (3.5 dB average excess loss). Electrical heaters on each output waveguide provide thermo-optic phase-error correction (PEC). This is used to phase match the waveguides between the FPR and the output face of the 3-D PIC. Both the PLC and the input of the 3-D PIC use a 127-µm waveguide pitch. The hybrid device (i.e., PLC and 3-D PIC) is ~30-mm long and the waveguides on the output face form a 204-µm diameter circle with a pitch of 40 µm. Fig. 3 shows the experimental testbed for a SDM coherent optical communication link using a single hybrid OAM device as both an OAM multiplexer and demultiplexer. The coherent transmitter consists of a 100-kHz linewidth external cavity laser (ECL) centered at 1546 nm that has a data signal applied by an I/Q modulator. An electrical arbitrary waveform generator (eAWG) drives the modulator with a 10 GBd quadrature phase shift keyed (QPSK) signal (2 7 −1 PRBS). The QPSK signal is bandwidth limited in digital signal processing (DSP) by a Nyquist filter with a 3-dB bandwidth of 10 GHz for a single-channel spectral efficiency (SE) of 1.67 b/s/Hz. An erbium-doped fiber amplifier (EDFA) increases the optical power of the signal at the input of the hybrid OAM device to ~20 dBm.
OAM Coherent Transmission Testbed
To use a single hybrid OAM device as the multiplexer and demultiplexer simultaneously, a retroreflecting mirror is placed near the output face of the OAM device. Upon reflection, the ℓ-number of the received OAM beam flips sign (i.e., +3 → −3). Thus, a received OAM mode that has been correctly demultiplexed after retroreflection appears at the output with the opposite sign ℓ-number from the input.
Immediately following the OAM device is an EDFA and a 3.5-nm bandpass filter to minimize out-of-band noise. The optical signal-to-noise ratio (OSNR) is varied by noise loading from a second attenuator and EDFA. The signal enters the polarization diversified coherent receiver which uses a frequency shifted (35 MHz) sample of the transmitter's laser as its local oscillator (LO). We use offline DSP to process the received data. The DSP first extracts the clock tone from Fourier transform of the magnitude-squared signal. Next, the waveform is resampled at twice the symbol rate. An adaptive equalizer is applied to the resampled waveform, which includes a 13-tap finite impulse response (FIR) filter adapted by a constantmodulus algorithm (CMA). Lastly, the DSP uses the power-of-four method for phase and frequency recovery.
The bit-error-rate (BER) performance for the 10 GBd QPSK data were separately measured for OAM channels ℓ = −7, −6, …, 6, 7 (but not ℓ = −2,…,+2) by sending one input signal to the OAM device. Because of their close spacing, the low ℓ-numbers input/output pairs were not simultaneously accessible by a pair of SMF fibers. Fig. 4(a) shows that the implementation penalty is 3 dB at BER = 10 −3 and the different OAM modes have less than 0.5 dB penalty variation. At OSNR > 16 dB, all OAM modes were error free for the 379,960 bits tested. Fig.  4(b) shows constellation diagrams corresponding to OSNR = 11 dB and 25 dB.
Conclusions
We have demonstrated free-space SDM coherent optical transmission using OAM state multiplexing and demultiplexing by a hybrid silica OAM device. The device design allows operation as either an OAM multiplexer or demultiplexer for an ℓ-number range of −7 to +7 and easily interfaces with fiber-pigtailed components. The single-channel BER statistics for 20-Gb/s QPSK data indicated similar performance for all ℓ-numbers. In all cases, the BER was error-free for the 379,960 bits tested. Future work includes bonding a fiber array to the PLC so that all inputs are simultaneously accessible and using multiple devices to investigate the performance of longer links.
